Introduction
The ability to engineer proteins for improved themostability is an exciting and challenging field since it is critical for broadening the industrial applications of recombinant proteins. The approach of rational design has been proven to be a powerful tool to improve the thermostability of proteins [6, 7, 9] . Compared with directed evolution, the rational design methods are faster and universal, and have the potential to be developed into algorithms that can quantitatively predict the stabilities of the designed sequence [27] . Using the rational design method of biochemical dating, the thermostability of proteins has been thought to originate from the simultaneous effect of different interactions, such as hydrophobic interactions, disulfide bonds, salt bridges, and hydrogen bonds [36] . The critical point of designing thermostable proteins was to pinpoint the weak spots or the "unfolding nucleus." Once the weak spots were identified, further thermostability could be achieved by optimizing the weak spot regions.
Ω-Loops are found almost exclusively at the protein surface and they were shown to be involved in protein function and molecular recognition [10] . Moreover, these loops may also play significant roles in protein stability or folding. Single and multiple mutations in some Ω-loops could have drastic effects on overall protein stability [15, 24] . Hydrogen-exchange experiments indicated that the Ωloop was the most susceptible element in cytochrome c denaturation [2] . By minimizing conformational flexibility through the hydrogen bonds and the existence of the Pro residue, the extra helix and adjacent loops in cytochrome c 555 could help protect against protein denaturation [23] . The Ω-loop is a nonregular and flexible structure that plays an important role in molecular recognition, protein folding, and thermostability. In the present study, molecular dynamics simulation was carried out to assess the molecular stability and flexibility profile of the porcine trypsin structures. Two Ω-Loops (fragment 57-67 and fragment 78-91) were confirmed to represent the flexible region. Subsequently, glycosylation site-directed mutations (A73S, N84S, and R104S) were introduced within the Ω-loop region and its wing chain based on its potential N-glycosylation sites (Asn-Xaa-Ser/Thr consensus sequences) and structure information to improve the thermostability of trypsin. The result demonstrated that the halflife of the N84S mutant at 50°C increased by 177.89 min when compared with that of the wildtype enzyme. Furthermore, the significant increase in the thermal stability of the N84S mutant has also been proven by an increase in the T m values determined by circular dichroism. Additionally, the optimum temperatures of the wild-type enzyme and the N84S mutant were 75°C and 80°C, respectively. In conclusion, we obtained the thermostability-improved enzyme N84S mutant, and the strategy used to design this mutant based on its structural information and N-linked glycosylation modification could be applied to engineer other enzymes to meet the needs of the biotechnological industry. Many methods have been applied to stabilize the thermostability of proteins. Among them, glycation is gaining increasing attention owing to the fact that it is a nontoxic method and can be easily performed. There is substantial evidence indicating that N-linked oligosaccharides are important for protein folding and stability [14, 22, 35] . With polysaccharides attached enzymatically to the asparagine, serine, and threonine side chains, naturally glycosylated proteins have increased structural stability. It would clearly be advantageous if improved structural stability could be achieved for nonglycosylated proteins by the covalent attachment of sugars or polysaccharides.
As one of the members in the serine protease family, trypsin (E.C. 3.4.21.4) is commonly used as a tool for enzyme protein cleavage and digestion in the field of biotechnology. For instance, it is used for the activation of some zymogens and as a digester of proteins prior to the analysis of peptide fingerprints during mass spectrometry [11, 18] . When used for these purposes, the enzyme often suffers from autolysis and denaturation, which would be ideally solved by improved stability [11] . Moreover, the apparent increase in the thermostability of the trypsin could be used to digest native ribonuclease without the need for prior denaturation [25] . In this work, N-linked oligosaccharides have been introduced within the Ω-loop regions to enhance the thermostability of porcine trypsin. As a result, a more thermostable mutant protein was expressed in Pichia pastoris GS115, and its enzymatic properties, including its activity, secretion, thermostability, and temperature optima, were characterized and compared with the wild-type enzyme.
Materials and Methods

Microorganisms, Plasmids, and Reagents
Plasmid pPIC9K and the P. pastoris host strain GS115 were obtained from Invitrogen (Thermo-Fisher Scientific, USA). The Escherichia coli Top 10 host strain was from our laboratory collection. Phusion High-Fidelity DNA Polymerases were obtained from Thermo-Fisher Scientific. The restriction enzyme SalI was purchased from Takara (China). The BCA protein assay kit was purchased from Dingguo Changsheng Biotechnology Co., Ltd. (China). All other chemicals used in the experiments were of analytical grade.
Design and Selection of the Proper N-Glycosylation Sites
The crystal structure of porcine trypsin (PDB ID: 4AN7) was obtained from the RCSB Protein Data Bank (http://www.rcsb.org). The protein structure information, including its active sites, disulfide bond, β-sheet, and Ω-loop regions, were shown and analyzed using the Visual Molecular Dynamics (VMD) software.
Molecular dynamics (MD) simulations were performed using GROMACS ver. 4.5.5 [33] , implementing the Gromos96.1 (53A6) force field [28] to examine the flexible regions of the protein. The protein was solvated with the Simple Point Charge water molecule in a cubic box using the GROMACS software package. The minimum distance between any atom in the protein and the box's walls was set to 1.1 nm. Sufficient Clions were added to neutralize the positive charges in the system. The water box and the whole system were minimized using the steep descent method (1,000 steps) in addition to the conjugate gradient method (3,000 steps). Then, a 20 ps position-restrained MD simulation was performed at 300 K. Finally, an unrestrained MD simulation was performed on the entire system at 300 K for 10 ns. The Particle Mesh Ewald method was used to treat long-range electrostatic interactions and the cut-off value for van der Waals' interactions was set at 1.0 nm. Trajectories were saved at every 1,000 steps (2 ps), and post-processing and analysis were performed using relevant tools in GROMACS. The root mean square fluctuation (RMSF) value of backbone atoms against each residue was calculated for the enzyme using grmsf. The proper N-glycosylation sites were chosen based on analysis of the crystal structure information and potential N-glycosylation sites (Asn-Xaa-Ser/Thr consensus sequences) within the Ω-loop region.
Construction of the Expression Vector and Site-Directed Mutagenesis
The wild-type porcine trypsinogen gene (GenBank Accession No. CS583166.1) was synthesized by GENEWIZ Inc. (China) and inserted into the pPIC9K vector. The recombinant plasmid pPIC9K-Try was linearized by SalI and integrated at the His 4 locus on the competent Pichia genome through electroporation using a Bio-Rad Micropulser Electroporater (Bio-Rad, USA). The trypsinogen variants used in this study were constructed using the modified Quik Change method [38] . The mutagenic primers (synthesized by GENEWIZ Inc.) are listed in Table 1 . The mutant plasmids were verified by DNA sequencing (GENEWIZ Inc.); they were then transformed into the P. pastoris host strain, GS115.
Expression and Purification of Enzymes in P. pastoris Recombinants
The selected clones were inoculated into 25 ml of buffered glycerol-complex medium and they were subsequently incubated overnight at 30°C with shaking at 250 rpm. When the OD 600 reached 2-6, the cells were harvested via centrifugation at 5,000 ×g for 5 min. To induce protein expression, the cell pellets were resuspended in 25 ml of buffered methanol-complex medium and transferred into a 100 ml culture flask. The culture was shaken for 96 h at 28°C and supplemented with 100% methanol to a final concentration of 1% (v/v) every 24 h. The fermentation supernatant was centrifuged and collected after being induced with methanol for 96 h. The supernatant was filtered through a 0.22 µm filter, and then was dialyzed through a Millipore 10 kDa cut-off membrane to exclude ions and salts, resuspended in buffer A (20 mM citric acid, pH 3.0), and loaded on a SP Sepharose HP (GE Healthcare, UK), which was pre-equilibrated with at least 5 column volumes
